Baeyer-Villiger monooxygenases (BVMOs) are enzymes that are known to catalyse the Baeyer-Villiger oxidation of ketones in aqueous media using O 2 as oxidant. Herein, we describe the oxidation of a set of diverse benzo-fused ketones by three different BVMOs in both aqueous and non-conventional reaction media. Most of the tested ketones, for example, 1-tetralone and 1-and 2-indanone, were converted by one of the employed biocatalysts. The catalytic efficiency could be improved by performing the oxidation reactions at a relatively high pH and by adding organic cosolvents. One striking observation is that absolute and complementary regioselectivities were obtained when oxidizing a range of 1-
Introduction
Since its discovery more than 100 years ago, the BaeyerVilliger reaction is one of the key reactions in organic synthesis. [1] In this reaction a carbon-carbon bond located adjacent to a carbonyl group is oxidatively cleaved, and the subsequent insertion of an oxygen atom into that position results in the conversion of (cyclic) ketones into esters and lactones. Baeyer-Villiger oxidations can be carried out by using peroxy acids or by employing hydrogen peroxide or oxygen as milder oxidants in the presence of Lewis acids or organometallic compounds. [2] The products of this reaction offer an attractive and simple entry to several classes of biologically active compounds.
In the last few years, the development of enzymatic methodologies using Baeyer-Villiger monooxygenases (BVMOs) has allowed the preparation of several compounds that are of high interest in organic synthesis. [3] These flavoproteins are oxidoreductases that catalyse the Baeyer-Villiger oxidation as well as other oxidative processes that employ atmospheric oxygen as the natural oxidant. When using 2526 indanones using two different BVMOs. The conversion of 1-indanone by 4-hydroxyacetophenone monooxygenase (HAPMO) results in the formation of the expected lactone, 3,4-dihydrocoumarin. In contrast, by using a phenylacetone monooxygenase mutein (M-PAMO), conversion of 1-indanone leads to the formation of only the unexpected lactone, 1-isochromanone. This illustrates that by the appropriate choice of BVMO as biocatalyst, the effective and regioselective conversion of a wide range of benzo-fused ketones is feasible.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, Germany, 2009) BVMOs, mild reaction conditions are applied, and the environmental impact is minimized to a great extent when compared with those used in chemical approaches to this reaction. In addition, high regio-and/or enantioselectivities are obtained in processes that are difficult to perform when using other oxidizing reagents. The regioselectivity of the Baeyer-Villiger oxidation is established by steric, conformational and electronic effects leading to the migration of the higher substituted (the more nucleophilic) carbon centre. In some rare cases, however, the use of Baeyer-Villiger monooxygenases has led to the formation of unexpected lactones with high regioselectivities, [4] increasing the synthetic potential of this class of enzymes. It has been suggested that in these cases the chiral environment of BVMOs imposes restrictions that allow only a single conformation of the Criegee intermediate formed during the oxidation. Only the carbon centre located in a determined conformation will migrate, regardless of its nucleophilicity.
As biological catalysts, enzymes have evolved to perform their catalytic activity in aqueous medium. Nevertheless, it has also been demonstrated that some biocatalysts can act in the presence of organic solvents. In fact, organic solvents have been widely studied and applied in biocatalysis, with the main advantages as follows: (1) catalysis of processes unfavourable in aqueous medium, (2) the partial or total suppression of water-induced side-reactions and (3) the solubilization of hydrophobic substrates. [5] Recently, it has been shown that BVMOs can also be employed in non-conventional media (mixtures of aqueous buffer with miscible or immiscible organic solvents). [6] For all the cosolvents tested, two main effects were observed: (1) a decrease in enzyme activity and stability and (2) an increase and in some cases a reversal in enantioselectivity. Furthermore, it has been shown that phenylacetone monooxygenase (PAMO) can be employed in the enantioselective BaeyerVilliger oxidation of ketones on a preparative scale when working in biphasic aqueous buffer/organic cosolvent systems. [7] Benzo-fused lactones have received considerable attention as useful intermediates in organic synthesis and are the key structural elements of a variety of biologically active compounds. In a recent study it was shown that a set of substituted 1-indanones could be oxidized with good to excellent yields by the wild-type bacterium Pseudomonas sp. NCIMB 9872. In these reactions it was shown that the kinetic behaviour of the reactions was influenced by the position and size of the substituents. [8] In this paper we report the BVMO-mediated oxidation of several benzo-fused ketones catalysed by three BVMOs employing non-conventional reaction media. The three biocatalysts are phenylacetone monooxygenase (PAMO) from Thermobifida fusca, [9] 4-hydroxyacetophenone monooxygenase (HAPMO) from Pseudomonas fluorescens ACB [10] and a recently created mutant of PAMO, the M446G PAMO mutein (M-PAMO). [11] All three BVMOs have previously been shown to be effective biocatalysts in the oxidation of racemic benzyl ketones and aromatic sulfides.
Results and Discussion
Our experiments were dedicated to the biocatalysed oxidation of different benzo-fused ketones (tetralones, indanones and benzocyclobutanone). All the reactions were carried out by using purified enzymes. An auxiliary enzymatic system (glucose-6-phosphate with glucose-6-phosphate dehydrogenase) was included in the reaction mixture to regenerate the NADPH coenzyme, which is required by BVMOs. [12] 
BVMO-Catalysed Oxidation of Tetralones
We first analysed the enzymatic bio-oxidation of 1-tetralone (1a) by employing the three BVMOs. The reactions were performed in buffer (50 m Tris-HCl, pH 9.0) at 30°C for the two PAMO enzymes, whereas 20°C was a more appropriate temperature for HAPMO.
[9d] After 96 h, no reaction was observed with PAMO and M-PAMO, whereas only 5 % of the expected regioisomer 4,5-dihydro-1-benzoxepin-2(3H)-one (1b) was obtained when employing HAPMO. As ketone 1a is not very soluble in water, its oxidation catalysed by HAPMO in buffer containing 5 % of different organic cosolvents was studied. Table 1 shows that only cosolvents with a high hydrophobic character (log P Ն 2.0) [13] led to a significant increase in the formation of 1b. Thus, the addition of 5 % (v/v) of toluene or 2-octanol (Entries 8 and 9, respectively) allowed a 25 % conversion to the lactone to be achieved after 96 h. The use of the same organic cosolvents was studied in the PAMO-catalysed oxidations; however, the formation of 1b was not observed. 2-Tetralone (2a) was also subjected to BVMO-catalysed oxidation, but no reaction was observed with the three biocatalysts, even after modifying the reaction parameters (pH, temperature, and organic cosolvents).
Enzymatic Oxidation of 2-Indanone Catalysed by BVMOs
After analysing the oxidation reactions of tetralones, our efforts were devoted to the study of the enzymatic BaeyerVilliger reactions of indanones. The oxidation reactions of 2-indanone (3a) carried out in buffer with HAPMO and PAMO did not show the formation of 3-isochromanone (3b). When modifying the reaction medium by adding different cosolvents, a slight improvement in the enzymatic activity was observed only in the HAPMO-biocatalysed oxidations. After 72 h, only 10 % of 3b was recovered in the media containing 5 % hexane or CH 2 Cl 2 . No oxidation was observed by changing the reaction media when PAMO was used. Oxidation of 3a catalysed by M-PAMO in 50 m TrisHCl buffer at pH 9.0 led to 3b with 50 % conversion after 72 h. Different water-miscible and -immiscible organic cosolvents (5 % v/v) were tested, as shown in Table 2 . In all cases, this resulted in a more effective oxidation of 3a. The best results were obtained in both a hydrophilic (1,4-dioxane, Entry 3) and a hydrophobic solvent (DIPE, Entry 7), giving 3b with conversions close to 90 % after 72 h. As a further attempt at medium engineering and to optimize the reaction conditions, we decided to analyse the effect of pH on the oxidation of 3a in buffer containing 5 % 1,4-dioxane. As shown for PAMO and HAPMO in other oxidative reactions, [9b,9d] there was a significant increase in M-PAMO activity when working at relatively high pH values. No reaction was observed at pH 6.0, and low conversions were measured below pH 9.0. At pH 9.0-10.5, the enzymatic activity remained high (conversion, c = 88-90 % after 72 h, Entries 3, 14 and 15). 
Biocatalysed Oxidation of 1-Indanone and Its Derivatives
The three Baeyer-Villiger monooxygenases were employed as biocatalysts in the enzymatic oxidation of 1-indanone (4a). The reaction performed in the presence of HAPMO led to 3,4-dihydrocoumarin (4b) with a 26 % conversion after 72 h. When PAMO was employed, no oxidation products were formed in the same reaction time. Surprisingly, the oxidation catalysed by M-PAMO led to the formation of an unexpected compound (67 % conversion) with the same molecular weight as 4b. This compound corresponded to the product obtained from the oxidation of isochromane with NaClO 2 and is the unexpected BaeyerVilliger product 1-isochromanone (4c). Thus, by the appropriate choice of the BVMO employed, two possible regioisomers from the Baeyer-Villiger oxidation of 1-indanone can be obtained.
As shown in Figure 1 , the effect of different organic cosolvents (5 % v/v) with HAPMO or M-PAMO as the biocatalyst was studied. The use of hydrophobic solvents in the HAPMO-catalysed oxidation reactions led to an increase in the enzymatic activity. Thus, the oxidation performed in 5 % 2-octanol (log P = 2.70) or hexane (log P = 3.50) allowed the preparation of lactone 4b with 39 and 44 % conversions, respectively. On the other hand, the use of hydrophilic solvents led to a reduction of the enzymatic activity. M-PAMO showed the opposite behaviour in respect of the nature of the organic cosolvent. The use of hydrophilic solvents such as methanol, 1,4-dioxane or 2-propanol, as well as the ethers tBuOMe or iPr 2 O, led to 4c with conversions higher than 70 % after 72 h ( Table 3 ). The employment of hydrophobic cosolvents led to a deactivation of M-PAMO, giving the unexpected lactones in lower yields than those obtained for the oxidation performed in Tris-HCl buffer. [a] The reactions were performed at 30°C for M-PAMO, whereas 20°C was used for HAPMO. The effect of pH on the enzymatic Baeyer-Villiger oxidations of 4a catalysed by HAPMO in aqueous buffer with 5 % hexane and by M-PAMO in Tris-HCl with 5 % methanol were analysed in more detail. As described for previous oxidation reactions, low pH values led to no reaction or to low conversion after long reaction times. For both enzymes, no oxidation was observed at pH 7.0. An increase in the pH led to higher activities. M-PAMO was even able to catalyse the formation of 4c with high conversions at pH 10.5 (Entry 10, c = 72 %), whereas HAPMO seemed to be deactivated at this pH: a moderate decrease in conversion was observed when the pH was increased from pH 10.0 (Entry 4, c = 47 %) to pH 10.5 (Entry 5), giving only 21 % of 4b after 72 h.
The concentration of the organic cosolvent in both enzymatic systems was also studied. As shown in Figure 2 , the highest activity for HAPMO was found using 5 % hexane. When this cosolvent concentration was increased to 30 %, only a slight decrease in the conversion to 4b was observed. Higher concentrations of hexane resulted in (partial) deactivation of the enzyme, although HAPMO was still able to oxidize 4a in Tris-HCl buffer containing 70 % hexane (c = 5 % after 72 h). The enzymatic Baeyer-Villiger oxidation of 4a catalysed by M-PAMO in the presence of methanol was found to be the highest at 5 % (v/v), whereas higher cosolvent concentrations led to a progressive loss in enzymatic activity. The formation of lactone 4c after 72 h was not observed using mixtures containing 50 % methanol. To analyse the effect of different substituents on the aromatic moiety of 1-indanone, we studied the oxidation of various 1-indanone derivatives 5a-10a catalysed by the three BVMOs. As described for 1-indanone, HAPMO and M-PAMO showed again a complete and opposite regioselectivity in the oxidation of the 1-indanone derivatives. Reactions performed with HAPMO led to the expected lactones 5b-10b, whereas M-PAMO yielded the unexpected lactones 5c-10c. In all the reactions tested, the use of 5 % hexane with HAPMO and of 5 % methanol with M-PAMO resulted in higher conversions. No reactions were observed for any of the substituted derivatives when wild-type PAMO was employed. Halogenated derivatives 5a-7a were shown to be converted more efficiently by M-PAMO than by HAPMO, yielding high amounts of the unexpected lactones 5c-7c. The oxidation of 5-chloro-1-indanone (5a) by HAPMO was less effective than that of the 6-chloro deriva-tive (6a) when using only buffer, but in the presence of 5 % hexane the opposite effect was observed: 5a was converted more efficiently (c = 87 %) than 6a (c = 56 %) after 72 h (Table 4) . A similar behaviour was also observed for M-PAMO in the presence of 5 % MeOH. HAPMO showed a lower activity towards the oxidation of 5-bromo-1-indanone (7a) than towards the chlorine derivative, whereas 6-bromoisochroman-1-one (7c) can be obtained with an excellent conversion (95 %) in a process catalysed by M-PAMO. The oxidation of 1-indanones bearing a methoxy group in the aromatic ring occurred with lower activities than the halogenated substrates. Thus, 4-methoxy-1-indanone (8a) was not a substrate for the HAPMO-catalysed reaction, whereas the Baeyer-Villiger oxidations of 9a and 10a led to the expected lactones 9b and 10b with moderate conversions (32 % after 72 h when employing 5 % hexane). On the other hand, the best results of M-PAMO were achieved with ketone 8a (58 % conversion in the presence of 5 % methanol). 6-Methoxyisochroman-1-one (9c) was obtained with a moderate conversion (c = 32 % after 72 h), whereas 6-methoxy-1-indanone (10a) was not oxidized by this biocatalyst, which indicates that the position of the methoxy group has a strong effect on the enzymatic activity. Table 4 . Enzymatic oxidation of substituted 1-indanones catalysed by BVMOs in different reaction media.
[a] Entry X Cosolvent BVMO Conv.
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5-10b
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5-10c
[b] [a] The reactions were performed at 30°C for M-PAMO, whereas 20°C was used for HAPMO.
[b] Determined by GC.
Baeyer-Villiger Oxidation of Benzocyclobutanone
Finally, the three enzymes were tested in the enzymatic oxidation of benzocyclobutanone (11a). The BaeyerVilliger reaction of this compound led to a five-membered lactone as the only regioisomer, 2-coumaranone (11b). When employing HAPMO at 20°C in aqueous buffer, this lactone was obtained in high yield after 72 h (Entry 1, Table 5 ). The presence of 5 % hexane increased the yield of 11b slightly (c = 93 %). Good results were also obtained when using PAMO. This biocatalyst showed low activity in the oxidation of indanones and tetralones, but was able to oxidize 11a with a 51 % conversion at 30°C in a solution containing only buffer. By performing this reaction in the presence of 5 % hexane, higher yields could be obtained (Entry 4). The use of 5 % MeOH did not improve the results obtained for this biocatalyst in buffer alone (c = 42 % after 72 h, Entry 5). M-PAMO showed low activity towards 11a (Entry 6), giving only a 14 % yield of 11b after 72 h. The yield of this lactone could be doubled by using 5 % MeOH as cosolvent. 
Conclusions
The oxidation reactions of a set of benzo-fused ketones biocatalysed by three BVMOs have been performed in order to obtain benzo-fused lactones. Tetralones were poor substrates for the three enzymes, whereas the bio-oxidation of indanones produced the corresponding lactones in good yields. The appropriate choice of reaction medium, for example, by the addition of different organic cosolvents (5 %, v/v) to Tris-HCl buffer, led to higher conversions. This demonstrates again that the addition of organic solvents can be beneficial for enzymatic reactions. For HAPMO, the best results were obtained when using hydrophobic organic cosolvents, whereas M-PAMO seemed to prefer hydrophilic solvents. Strikingly, these two enzymes also presented a divergent regiospecificity in the oxidation of 1-indanone and its derivatives. Employment of HAPMO as the biocatalyst resulted in the formation of the expected lactones, whereas the unexpected lactones were obtained with the PAMO mutant. Wild-type PAMO was unable to convert most of the 1-indanones. This illustrates that the M446G mutation creates an active site in PAMO that is dedicated to accepting 1-indanones (see below) or indoles. [11] Thus, by choosing carefully the reaction medium and the biocatalyst, both regioisomeric Baeyer-Villiger products of 1-indanone derivatives can be obtained in high yields. PAMO and HAPMO are also able to catalyse the synthesis of 2-coumaranone with excellent conversions, which illustrates the synthetic potential of BVMO using benzo-fused ketones as substrates.
Experimental Section
General Methods: Recombinant histidine-tagged phenylacetone monooxygenase (PAMO), [9a] its M446G mutant (M-PAMO) [11] and www.eurjoc.orgrecombinant 4-hydroxyacetophenone monooxygenase (HAPMO) [10a] were overexpressed and purified as described previously. 1.0 unit of BVMO will oxidize 1.0 µmol of phenylacetone to benzyl acetate per minute at pH 9.0 and 25°C in the presence of NADPH. Glucose 6-phosphate dehydrogenase from Leuconostoc mesenteroides was obtained from Fluka-Biochemika. Starting ketones 1-6a and 8a and lactone 11b were supplied by Sigma-Aldrich-Fluka, ketone 7a was a product of TCI Europe and compounds 9a and 10a were purchased from Acros Organics. All other reagents and solvents were of the highest quality grade available and were obtained from Sigma-Aldrich-Fluka and Acros Organics. Chemical reactions were monitored by analytical TLC, performed on Merck silica gel 60 F254 plates and visualized by UV irradiation. Flash chromatography was carried out with silica gel 60 (230-240 mesh, Merck). Melting points were measured in open capillary tubes with a Gallenkamp apparatus and are uncorrected. IR spectra were recorded with a Perkin-Elmer 1720-X IR Fourier-transform spectrometer using KBr pellets. 1 H and 13 C NMR and DEPT spectra were recorded with tetramethylsilane (TMS) as the internal standard with a Bruker AC-300 DPX spectrometer ( 1 H: 300.13 MHz; 13 C: 75.5 MHz). The chemical shifts (δ) are given in ppm. Mass spectra were recorded in EI + mode with a Hewlett-Packard 5973 mass spectrometer. GC analyses were performed with a Hewlett-Packard 6890 Series II chromatograph. For all the analyses, the injector temperature was 225°C and the FID temperature was 250°C. Lactones 1b-10b were synthesized by Baeyer-Villiger oxidation of the corresponding starting ketones (100 mg) with m-CPBA in CH 2 Cl 2 at 0°C (yields from 30 to 85 %). 1-Isochromanone (4c) was prepared according to the literature, [14] by oxidizing isochromane with NaClO 2 and N-hydroxyphthalimide in CH 3 CN/H 2 O (66 % yield). Compounds 1b, [15a] 2b, [15b] 3b, [15c] 4b, [15d] 5b, [8] 7b, [15e] 9b, [15f] 10b, [15g] 4c, [14] 6c [15h] and 9c [15i] exhibit physical and spectral properties in accord with those reported previously. 
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